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Adsorbate core-hole screening in weak chemisorption systems is studied by the exampls 0fNiNgL00)
system. Fourth-order Green’s-function calculations have been carried out on the-My photoelectron
spectraXP9) of a linear NiN, cluster used as a model of the chemisorption system. Good agreement with the
experimental spectra is obtained. A powerful method, based on exact effective Hamilt@Bks's) con-
structed by means of a technique for a unique block diagonalization of Hermitian mafri€ds/s. A22, 2427
(1989] is used for a detailed analysis of many-electron core-hole states. Two lowest-energy states is the N1
XPS of the NiN cluster, split by 1.47 e\(the experimental splitting in the chemisorption system is 1.3 eV
are classified ag— 7* shakedown satellites, whereas two states dominating the region of the so-called “giant
satellite” are attributed to the main states. The EEH technique allows us to study in detail the dynamical
screening of core holes, which is shown to be responsible for the formation of the strong shakedown satel-
lites. A comparative EEH analysis of the core-hole states of the, lditdl NiCO clusters explains in simple
terms the origin of the very different intensities of the giant satellites observed experimentally in adsorbate
spectra of weak and strong chemisorption systd®8163-18208)07012-X

I. INTRODUCTION adsorbate levels with substrate metal bands;(ahthe clus-
ter approach, which takes into account only the local
The ionization of core levels of small molecules adsorbedadsorbate-metal interaction. The first model focuses on the
on d metal surfaces is accompanied by strong many-bodyrigin of the giant satellites in the core-hole spectra of ad-
effects manifesting themselves in intense satellite structuresorbates and has been developed by 8shmmer and Gun-
in the x-ray photoelectron specttPS) (see Refs. 1-7 and narsson(SG).2 They used ideas proposed by Lang and Wil-
references therejnlt has been observed experimentally thatliams, Gumhalter and Newns, and otHer$ that core-hole
the satellite intensity depends on the strength of thescreening in adsorbate/metal systems is mainly due to a
adsorbate-metal interaction. For strong chemisorpfimn  charge transfefCT) from occupied substrate metal bands to
example, CO/Ni100)] the satellite region presents a broad an initially unoccupied adsorbate le@l7* level in the case
feature separated by 5-6 eV from a distinct intense maimf CO and N adsorption, which is pulled below the Fermi
line. For weak chemisorptione.g., N/Ni(100), CO/ level by the attractive core-hole potential. The distribution of
Cu(100] the intensity of the satellite structure is consider-the spectral intensity, according to this model, depends on
ably larger than the intensity of the “main line.” The core- the position of the initially unoccupied adsorbate level in the
hole spectra of the respective gas phase molecules consistiohized state and on the degree of hybridization between ad-
a strong main line, taking about 70% of the total spectrakorbate and substrate, i.e., on the strength of adsorption. This
intensity, and a wide satellite region separated by an energyodel is able to monitor qualitatively the changes of band
gap of ~10 eV from the main line. The pronounced differ- shapes of the adsorbate core-hole spectra that emerge when
ence between the core-hole spectra of adsorbed moleculgsing from strongly chemisorbed molecules to cases of weak
and those of the gas phase and, especially, the enormousihemisorption. For the case of the weak adsorbate-metal in-
large intensity of the high-energy satellites, which have everteraction it has been shown that extra-adsorbate imagelike
been referred to as the “giant satellite$ attracted wide  screeningthe screening charge is created at the surface due
interest to such adsorbate/metal systems. The core-level XR68 the excitation of surface plasmonsbecomes
of adsorbed molecules have been extensively studied fatominantt*® This mechanism was widely used for the de-
more than two decades. A large body of experimental resultscription of core-hole screening in adsorbatese Ref. 15
has been collected and a variety of models have been prend can be viewed as an alternative to the CT screening
posed to describe the spectral features of the adsorbate cof&TS) mechanism: Lovric Gumbhalter, and Wandé criti-
hole spectra. A unified notion on the physics of adsorbateized the SG model applied to the CO(C00) system and,
ionization, however, is still lacking. Following is an over- using only the surface plasmon screening mechanism, ob-
view of the present state of the problem. tained fairly good agreement with the experimental adsorbate
The peculiar feature of adsorbate/metal systems to contore-hole spectra.
bine both molecular and solid properties has led to two dif- The other branch of models is based on the cluster ap-
ferent lines of attack on the problerti) the model Hamil- proach, and one can find several mechanisms of core-hole
tonian treatment, considering the interaction of discretescreening in adsorbates proposed on the basis of cluster cal-
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culations: (i) the CTS model where the screening charge isresults of the HRASCF calculations carried out using'a *
supplied by the metat~—ligand-7* excitations accompany- GS atRy;.y=3.3 a.u. and®y.y=2.069 a.u. gave a splitting of
ing ionization of the adsorbate core lev&1?*(ii) the model 1.6 eV?®%°in good agreement with the experimental value.
that explains core-hole screening in terms of excitatiops High-resolution measurements of the NXPS of the
— 5 where ther, and# are the bonding and antibonding N,/Ni(100) system have revealed some new satellites that
 orbitals, respectively, unoccupied in the initial st#¢ji) ~ were not detected previousty.Using ideas of Refs. 26 and
the “cooperative core-hole screening” mechani&hirthe 30 the authors of this experiment have separated spectra of
limitations of the cluster approach in describing the corethe two inequivalent nitrogen atoms. The spectrum of the
hole screening in adsorbates have not been fully clarified, buauter nitrogen has a richer satellite structure than the inner
the similarity between the spectra of adsorbates and the speirogen spectrum. A satellite observed at 2.1 eV in the spec-
tra of corresponding transition-metal compouifdsrovides  trum of the outer nitrogen is absent in the inner nitrogen
evidence of a local character of excitations dominating thespectrum. An intense structure at 5.8 eV with a shoulder at
spectra of adsorbates. This fact justifies to some extent th®.5 eV is observed in the outer nitrogen spectrum, whereas
use of the cluster approach, which accounts for only locabnly a strong peak at 5.3 eV is observed in the spectrum of
properties of adsorbate/metal systems. the inner atom. The spectral features have been interpreted
The N,/Ni(100) system is related to the case of weakby the authors of Refs. 7 and 27 using the 1 model. The
chemisorption. The N4 core hole spectrum reveals a more lowest-energy lines in the spectra have been assigned to CT
intense satellite structure compared to thes@hd Ol XPS ~ screened statgsr— 7* CTS). The satellite at 2.1 eV in the
of the CO/N{100) system, which represents a case of strongouter nitrogen spectrum has been interpreted as a shake-up
chemisorption. This observation is consistent with the preexcitation of thew* orbital (bonding m, orbital, which is
dictions of the SG model. According to the model, the “fully partially occupied by the CjTto the antibonding lowest un-
screened” low-energy peak acquires less intensity from th@ccupied 7, orbital. The strong satellites around 5-6 eV
“poorly screened” statg6 eV satellite in the experimental have been assigned to Rydberg-like transitions of the par-
spectrum due to the weaker adsorbate/metal coupling. Thdially occupied=* orbital to 3s-, 3p-, and 4o-derived states.
SG model, however, attributes all details of core-hole spectrdhe satellite at 8.5 eV has been attributed to the intramolecu-
to the structure of occupied metal bands, which contradictfar m— 7* shake-up transition. A feature at 15 eV has been
the experimental finding that the NIXPS of the N mol-  observed in both of the spectra and also assignet-tor™*
ecule adsorbed on differerd metal surfaces are very intramolecular excitation§. This experimental work has
similar° demonstrated that the previous theoretical treatments were
Based on the results of Hartree-FagkF) ASCF calcula- not accurate enough to describe the core-hole screening in
tions carried out on a linear NiNcluster, it has been con- the N,/Ni(100) system; none of the above-mentioned theo-
cluded that the lowest-energy state isa> 7* CT screened retical works has predicted these newly resolved satellites in
state and the line at-6 eV has been attributed to the “un- the Nis XPS.
screened”(Koopmans) state? One important detail of the Recentab initio restricted CI calculations on the N1
N1s spectrum, however, emerged later and was not considXPS of the NiN clustef®?° provided a fairly good agree-
ered in Ref. 4. It is the splittinabout 1.3 eV of the lowest- ment with the experimental spectra. The authors of Refs. 28
energy line, observed in the angularly resolvedsNsbec- and 29 proposed a new interpretation of the most intense
trum of the N/Ni(100) systenf> A most natural way to lines in the spectra. According to this, the lowest-energy line
explain this splitting is to attribute it to the inequivalence of in both spectrdthe spectra of the inner and outer nitrogens,
the nitrogen atoms in the Ninolecule adsorbed vertically on separated by the authors of Ref)2§ao— o* shake-down
the Ni(100 surface. The author of Ref. 25, however, em-satellite and the giant satellites ave—o™* shake-up satel-
ploying the SG model, concluded that the splitting cannot bdites that, however, are close to the Koopmans’ states.
attributed to the ionization of the two inequivalent nitrogen  Obviously, there are numerous and controversial assign-
atoms. Furthermore, the HESCF calculations gave a very ments of the satellites in the spectra of thg/Ni(100) sys-
small splitting of the line due to the inequivalené@.34 tem. This situation is common for core-hole spectra of ad-
eV).* From the results oéb initio generalized valence-bond sorbates and sometimes the different interpretations of lines
configuration interactiofGVB CI) calculations on the Nd  in these spectra are argued to represent rather a semantic
spectrum of the Nill cluster it has been concluded that the issue’ We shall show that this problem is only partially a
reason for underestimating the splitting is the neglect of elecsemantic one and propose that the nomenclature used in the
tron correlation in the HASCF calculationé The spliting ~ field of core-level photoelectron spectroscopy of adsorbates
obtained in these GVB CI calculations varied between 1.2hould be revised to bring more clarity into the terms used to
eV and 0.9 eV depending on the Ni-N distance and bondissign the spectral features. In the present work we introduce
energy. According to the calculations, the lowest-energya new method of analysis, which allows one to get a deep
component of the leading peak in the spectrum is related tinsight into the problem of core-hole screening in adsorbates
the ionization of the outermost nitrogen atom, in accord withand can also be used for studying other phenomena.
the experimental assignment based on the different angular
dependence of the intensities of the two compon&ht§:?” Il. THEORETICAL APPROACHES AND METHODS
It should be noted that the HESCF results of Ref. 4 have
been obtained from calculations performed using®&
ground state(GS) of the NiN, cluster and the interatomic The algebraic diagrammatic construction scheme for the
distances used wer&y;.y=3.65 a.u.;Ry.ny=2.074 a.u. The one-particle Green'’s function consistent through fourth order

A. Calculations of core-hole states



7342 N. V. DOBRODEY, L. S. CEDERBAUM, AND F. TARANTELLI 57

in the Coulomb interactiofGF ADC(4)] Refs. 31 and 32 has To acquire additional insight and to describe the physics of
been used to calculate the ionization potentials and intensienization in some simple and transparent terms it is useful
ties of spectral lines. The ionization potentials and intensitieso replace the interaction of the numerous configurations by
appear in the Green’s function method in a very natural waythe effective interaction of only those that are relevant to the
in the spectral representation the Green'’s function poles angroblem. This program can be realized by the technique of
the ionization potentials and the residues at these poles entklock diagonalization of Hermitian matrices. It has been
the definition of the respective spectral intensities. The conshown in Ref. 41 that a unitary transformation that brings a
figuration space for the GF AD@) calculations was gener- Hermitian matrix into a block-diagonal form can be uniquely
ated by allowing all single and double excitations of the twoconstructed by satisfying the elementary condition that the
nitrogen core-hole configurations, in the HF orbital basis ofresulting block-diagonal matrix should be as similar as pos-
the 1" closed shell. The inner metal N§1 2s, and 2»  sible to the original matrix. This condition, which can be
orbitals and their virtual counterpart have been kept frozenviewed as a kind of least action principle, allows one to
To reduce the dimension of the configuration space all virconstruct explicitly the required unique transformation.

tual orbitals with energies higher than 55 eV have been fro- We begin with the large Hamiltonian matrbt, and our
zen too. The final calculation comprises 114 414 configuragoal is to transform it into a block-diagonal matfk, i.e., to
tions. ThelS ™ GS of the NiN cluster have been calculated a matrix with blocksH,, along the diagonal and zero oth-
using the uUs GAMESs package® The geometry erwise. LetS be the matrix of eigenvectors &f and A the
(Rni.n=3.335 a.u.,Ry.n=2.069 a.u. has been optimized by corresponding diagonal matrix of eigenvalues. The element
complete active space SGEASSCH calculations using the blocks of the block-diagonal matrix are then giverfy

UK GAMESS package™* Four electrons in the highest occupied

7 orbital and two electrons in the highest occupiedrbital Hon= anAnnan, N
were correlated by allowing excitations to
the lowest unoccupied twe™ and twoo™ orbitals. It should Fon=Shn(SunSh) " Y2 2

be noted that electron correlation is very important for a . _
proper description of the NiN cluster bonding where theS,,, are given blocks of the block-diagonal part of
propertiest®3® but the 13" single-determinant HF closed- S

shell configuration describes the GS rather well. The con-

tracted Gaussian basis set of Rdsr Ni, extended by two Sy -+ 0
diffuse p functions’ and scaled by a factor of 1.5 was used. Sep= Lo :
Furthermore, one diffuse functior’® was added to the basis
set. The nitrogen §5p Gaussian basis set has been con-
tracted to 4,2p and a polarization function has been added

_ 39
(a=0.864). . cedure, let us assume that we are interested in the effective
Our present approach conceptually differs from all thej, o o ction of theith andjth basis configurations in theth

previous treatments of the problem in that, by using the, i eigenstates of a CI Hamiltonian. To construct the
ground-state orbital basis, we consider simultaneously thgiiar transformation(2) that brings the CI matrix to a
ionization of both inequivalent nitrogen atoms, whereas pre lock-diagonal form we do not need to know the full eigen-

viously thel corlt_a |%n|zat|on r\]/va? tLrea}[ted as Mo Iunctoutple ector and eigenvalue matrices of the CI secular problem. It
processes localized on each of the two inequivalent aloms, ¢ fficient to know only the components of thte andjth

Ther_e IS qlear evu_jence for the need to c0n5|qler MIXING Oly5sis configurations in thkth andnth eigenstates and the
configurations having core holes on different nitrogens. Th%orresponding eigenvalues. In this case the22exact effec-

. l + .
orb|tals. of the % .GS of the N cluster are markedly tive Hamiltonian?+, describing the interaction of the effec-
delocalized, reflecting to a large extent the symmetry ProPsiye configurations originating fror and] is given by Egs.

0 Snn

To clarify the meaning of the block-diagonalization pro-

erties of the b, and 1o, molecular orbitals of the Nmol-

ecule. Their en%argy splitting of 0.1 eV is also very close to (1) and (2), where

that of the N molecule -0.06 eV). Thus at the frozen- A O
orbital level (Koopmans' theoremthe nitrogen core-hole 11:( )
states are largely delocalized. In this respect the,NilNster 0 A

essentially differs from other systems where the introduction

of even very slight distortions from a highly symmetrical _ Sk §

geometry immediately leads to complete symmetry breaking s, S

and core orbital localization. The G@nolecule, where this

effect is brought about by vibronic coupling to the antisym-  Eigenvalues and eigenvectors related to all the remaining

metric stretching and leads to localization of thesQdore  configurations are not needed for the construction. The re-

orbitals; is an example of such behavior. sulting block’H,; describes the interaction of effective con-

figurations that are actually thi¢h andjth basis configura-

tions dressed by the interaction with all the remaining

configurations of the CI problem. Of course, this procedure
In the case of core ionization of adsorbates the final ioniccan also be applied when studying the effective interaction of

states often have a quite complicated structure where manyore than two configurations.

excited configurations are admixed with comparable weights. There is a useful quantity,

B. Exact effective Hamiltonian method
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TABLE I. Energies and spectroscopic amplitud«é@ of the N.1s ionized states of the NijNcluster. A localized representation is used;
c refers to the inner and outer nitrogen atoms. Shown are GF(AD@sults in comparison to the experiment for the/Ni(100)c(2X 2)
system. All energies are in eV. The contributions in parentheses denote small admixtures to the ionic states in the order of decreasing
importance.

Experiment
N, /Ni(100) (Ref. 27) GF ADC(4) results
State
XPS band Al 1, Al, xm x{ characterization
1 Main line 0.0 409.00 0.0 —0.013 0.489 7—m*+Nls™!, (0—0*)
2 Main line 1.3 410.47 1.47 0.456 0.014 T—7*+Nls~!, (6—0%)
. 411.93 2.93 —0.018 0.103 T ¥
L satellite, weak 2.1 [ 41216 316  0.130 0.011 T
413.10 4.10 0.004 -0.006 og—o0*
413.83 4.83 0.027 0.0 o—o*
2 satellite, strong 58 415.48 6.48 —0.628 0.051 Nls '+ 7—7*, (6—0%)
3 satellite, strong 6.6 415.90 6.90 —-0.048 -0.602 Nis '+ o—0o*, (7o a*, N, m-—7%)
) 417.01 8.01 0.117 0.086 o—o*, (T—7*)
4 satellite, weak 85 [ 41709 809  —0057  —0.134 T—a*, (%)
418.78 9.78 0.019 0.0 o—o*
419.10 10.10 0.003 0.001 o—o*
419.45 10.45 0.001 —0.002 doubles, (oc— o*)
419.66 10.66 0.067 —-0.022 o—o*
419.70 10.70 -0.018 —0.057 doubles, (c—0™*)
420.17 11.17 0.0 0.017 doubles, (oc—0c*)
420.27 11.27 0.001 0.089 o—0o*
420.28 11.28 -0.016 -0.019 ToT*, oo a*
420.71 11.71 0.047 0.0 T ¥
420.98 11.98 0.001 0.003 Y
421.23 12.23 —0.001 0.0 doubles, (o—o*)
421.35 12.35 —0.003 -0.022 T— ¥
421.66 12.66 0.015 -0.009 o—o*
421.75 12.75 —0.007 —-0.014 o—o*
421.89 12.89 0.020 —0.002 doubles, o—o*
422.01 13.01 —0.002 0.022 doubles, o—o*
422.13 13.13 —0.066 0.021 o—o*
An:(SwnSIn)llza 3) states exhibit fully localized core holes. When calculating the

intensities one has, therefore, to take into account possible
which defines the amplitudes of the dressed interacting connterference effects arising due to this partial delocalization
figurations of the chosen blockL,, of the block diagonal  of the core hole. Although we carry out oab initio GF
matrix H. These amplitudes show the contributions of theca|cu|ations using the GS orbitals of l\ENS input data, itis
chosen dressed configurations to the eigenstates used for thgnyenient to transform all quantities to a representation
block diagonalization. The matrices of the exact componentghere the N% orbitals are localized on the inequivalent ni-
of eigenstatesS,,, the matrix of eigenvectorsS,, of the  trogen atoms. In this localized representation, which we shall

effective HamiltoniarfH,,, and the matrix of amplitude8,  yse throughout, the intensity of th¢h ionic state in the XPS
are related by8,,=A,Snn- readé?

2
. RESULTS 2 7_CXE:n) . c=in,out,
A. Core-level XPS ¢
As already mentioned in Sec. Il A, the Nlrbitals of where 7. denote the photqionization amplitudes o'f thesN1
NiN, are not localized each on its respective atomic siteCOr€ levels of the innero(=in) and outer ¢=out) nitrogen
Consequently, although electronic relaxation drives toward&toms in the cluster ane™=(W¥N~*|a | ¥p) are the spec-
localization, one cannca priori expect that the final ionic troscopic amplitudes of the single hole. ¢ ! states; ¥y

In~
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N2/Ni(100) Nl1s XPS

; FIG. 1. The computed band shape of thesN1
7 Z XPS of the NiN cluster in comparison to the
/ experimental N&%  spectrum  of the
N,/Ni(100)c(2%x 2) system(Ref. 27). The verti-

experiment cal lines in the theoretical spectrum represent the
o, energies and intensities of the discrete spectral
I, lines calculated by the GF AD@) method.
theory
20 15 10 5 0 -5

Energy (eV)

andW)~! denote the GS of th&l electron system and the satellites at 4.10 eV and 4.83 eV above the lowest-energy
nth state of the ionized— 1 electron system, respectively, state exhibit ar— o* character. They have very small in-
and thea, is the annihilation operator for the core electron in tensities and cannot be detected experimentally. The states
the cth one-electron orbital. computed at 6.48 eV and 6.90 eV should clearly be assigned
An analysis of the encountered partial delocalization into the giant satellite observed in the experimental spectrum at
NiN, and its impact on the intensities in the spectrum will be~6 eV. We classify these two states as the main si@ies
discussed in detail elsewhefe. discussion in next section and Sec.) l&hd note that their
The results of the GF AD@) calculations on the Nd  character is very different. Whereas the state at 6.48 eV is a
XPS of the NiN cluster are presented in Table | togethermixture of the single hole N ! and CT7— #* configu-
with the experimental data of MNi(100)c(2X2). Because rations, with a small contribution of the local metals o*
of the partial delocalization of core holes observed in theexcitations, the state at 6.90 eV is a mixture of thesNi
N1s-ionized states of the clusférit is not possible to and theser—o* configurations with a small admixture of
cleanly separate the spectra of the inner and outer nitrogense CT 7— #* and intramolecularr— 7* excitations. The
in the computed spectrum and hence, for the comparisos— o* character of the state at 6.90 eV is in accord with a
with the experimental spectrum, we combined in Table | therecent ClI treatmerf€?°However, the state at 6.48 eV, which
experimental energy positions of the lines in the “inner ni-in our results has a dominant GF— #* contribution, has
trogen spectrum” and “outer nitrogen spectruri”to get  also been assigned by this CI treatment to dhe o* local
the whole N XPS of the N/Ni(100)c(2x 2) system. Cor- metal shake-up stat&?° We relate the two nearly degener-
respondingly, we list in Table | the spectroscopic amplitudesate satellite states at 8.01 eV and 8.09 eV to the experimental
x{" of the single hole NLs™* states and not the intensities, feature observed in the spectrum of outer nitrogen at 8.5 eV.
since the interference due to the partial delocalization is offhese states are almost purety-o™* states and, interest-
relevance and requires the knowledge of the photoionizatiomgly, they are well delocalized over the two nitrogen sites.
amplitudes 7. (see above which will be discussed The experimental ionization potentials for the two lowest-
elsewheré? energy states are 399.4 eV and 400.7 eV. To compare the
The lowest-energy state is mostly localized on the outeralculated ionization potentials with the experimental values
nitrogen atom and is separated by the energy interval of 1.4@ne has to add the work function 6f5.5 eV to the measured
eV from the next state, which is mainly localized on theionization potentials, but there is still considerable deviation
inner nitrogen. This assignment is in accord with the previ-between the theoretical and experimental values. The main
ous theoretical treatmerf$®?° and the experimental reason for this discrepancy is that we used a small cluster. In
assignment®?’ Both states are strong mixtures of the N1 the real solid-state situation the interatomic distances can be
single hole configurations and CF— #* ones. According different from our optimized ones and, what is more impor-
to our calculation, these two states are-w* shake-down tant, the number of electrons available for the screening,
satellites(or negative shakedf). It is important to note that, which lowers the energy, is larger in the real adsorbate/metal
despite the rather large splitting of 1.47 eV, the lowest twosystem. Two other factors affecting the absolute values of the
states are not completely localized on the inequivalent atomsomputed ionization potentials are seen to be less important:
A weak but non-negligible delocalization of the core hole iswe used the core-valence separation approxim#titrand
seen for both of the staté$able ). The splitting obtained by did not consider relativistic effects. An estimated relativistic
the ASCF calculation is 1.6 e¥¥?° The same value was correction to the N& ionization energy in the atom is
obtained by the Cl methd®:?® The experimental value for +0.2.* A correction compensating for the effect of the core-
the splitting is 1.3 e\’ The next two states, which are al- valence separation approximation in the, Nolecule is
most purelym— 7* in character, are considerably delocal- ~—0.5 eV These two corrections have opposite signs and
ized and also are shake-down states. The two shake-dovaimost compensate each other.
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The theoretical N& spectrum of the Nil cluster is  full expressiorf* For the ionization of the N4 levels (de-
shoyvn in Fig. 1 togeth_er with the ex_perimental one. The onlyhoted as & and 2r) of the NiN, cluster we obtained from
avaﬂqble high-resolution N4 experimental spectra of the Eq. (4) the positive shake-up energie!sE(l") . =6.04 eV,
N,/Ni(100) system are angularly resolved and we used for, _5,) Kl
the comparison to the theoretical spectrum the one measuret—7—a* — 5'.16 ev. ) .
at the electron emission ange= 35° where the influence of Thus statical screening, although lowering the relative
the forward peaking of the ionization amplitfdeor the ~energy of the c¢ 'z 'z* CT  configuration
inner nitrogen is minimal. To avoid any parameter fitting at(€.x —€,=16.11 eV) and reducing the corresponding
this point, we neglected the interference effects arising due te»7*  excitation energy in the neutral NjN
delocalizatiofi® by calculating the intensities of the spectral (€, — €,—V .+ ..+ =8.57 eV), is not alone responsible for
lines as the sum of the squared spectroscopic amplitudes 8ie appearance of the negative shakeshake-dowpsatel-
the N,1s ! and N,,1s™! configurations(Table ) for the lites in the core-hole spectrum of NjNWe must then con-
respective ionized states. The band shape of the theoreticaider dynamical screening as the main reason for the dra-
spectrum has been obtained by Gaussian broadening of tteatic lowering of the energy of the 'z 'z* CT
discrete lines in the spectrum. Different half-widths wereconfiguration relative to the single-hote * one, which re-
used: for all satellite lines the half-width is 0.25 eV and for sults in the appearance of intense shake-down satellites. We
the two main lines 4.5 eV. In view of the complexity of the used the exact effective HamiltoniafEEH) method de-
system the agreement between the experimental spectruseribed in Sec. Il B to study dynamical screening. Here we
and theoretical one is very good. We should recall again thaghould mention that although the matrix that is diagonalized
we are actually comparing here the theoretadainitio spec-  in the GF ADC method is not a Hamiltonian matrix, it can be
trum of a small cluster with the experimental spectrum of aviewed as a Cl matrix with modified matrix elements. It is
solid-state sample. A question that is of interest in and ofonvenient to use for the analysis a localized picture, where
itself is why the main-line region and the satellite region ofthe core-hole configurations are described in terms of the
the spectrum of the NNi(100) system exhibit such mark- N1s atomic orbitals localized on the inner and outer nitrogen
edly different widths. In our view the shake-down satellitesatomic sites. The states of interest are those corresponding to
are rather a cluster many-body property of the system anthe four most intense lines in the NXore-hole spectrum,
hence the width of these cluster states is not strongly affecteice., the pair of states at 409.00 eV and 410.47 eV, and the
by solid-state effects whereas the high-binding-energy regiopair of states at 415.48 eV and 415.90 eV. To study the
is broadened by an amount of the order of the width of thedynamical aspects of core-hole screening we constructed the

Ni3d band (~4 eV). corresponding X2 exact effective Hamiltonians using the
computed ionization potentials and spectroscopic ampli-
B. Dynamical screening: NiN, tudes. As discussed in Sec. Il B, no other data are needed for

. . o ) the construction of the EEH. We started from the configura-
It is convenient to make a distinction between statical andjq, space comprising two single-hole configuratictise

dynamical screening. While statical screening is describeflyes in the molecular orbitals representing thesNevels of
within the framework of the frozen-orbital approximation of 4, NiN, cluste) and all their single excitationé571 con-

SCF theorﬁ8 and can be viewed as electrostatic scr?e”ingfigurations). Subsequently, we extended the space step by

dynamical screening is due to many-electron relaxation anden, py allowing double excitations of occupied orbitals to an

correlation effects accompanying lonization. ._increasing number of virtual ones. This procedure enables us
As seen above, we have characterized the first two lineg, manitor the increase of dynamical screening contributions

separated by 1.47 eV in the NIXPS asm— 7" shake- i, the jonic states as a function of the amount of allowed
down satellites and the two lines at 6.48 and 6.90 eV as th@onfiguration mixing.

main lines, which originate mainly from the single-hole N1 The energies of the dressed single-hole and 7* CT
configurations. To clarify the physical origin of these two ¢qnfigurations where the core hole is localized on the inner
groups of lines we have performed a detailed analysis ofnq quter nitrogen atoms are presented in Fig. 2 as a function
core-hole screening in the Niftluster. As the first step let ot the number of configurations used in the computation.
us consider statical screening. The creation of a core ,hOI‘?hese energies are given by the diagonal elements of the
pulls down _the energies of occuple_d and unoccupied orbitalssg's constructed in the localized basis, using Hasand

At the static level of treatment this can lead to a negativetz)_ One can see a very strong relaxation of the dressed
shake-up energy if the unoccupied orbitaf" orbital in the -« T configurations at large configuration spaces, and a

case of NiN) is considerably more affected than the ocCU-rather modest relaxation of the dressed single-hole configu-

pied one(m). The shake-up energy, i.e., the energy of the,iions Thec;, andc,,! dressed single-hole configurations
satellite configurationc™ ~7~ 7™ relative to that of the

) 1o remain the lowest-energy ones up to a dimension of the con-
single-hole onee™", is given by figuration space of about 22 000. Subsequently, the energy of
the dressed_ 7— 7* charge-transfer configuration quickly
@ drops down and becomes the lowest one at a dimension of

the configuration space of about 36 000. At this point, the
wheree_« ande,, are the energies of the* and orbitals, ~ dressedc;,'m— 7* CT configuration is still the highest-
respectivelyV;;,, are the usual Coulomb integrals, and the energy one, but it goes further down considerably when ap-
denotes the core level. For the sake of simplicity we haveproaching a dimension of 60 000. Here, the additional relax-

omitted in Eq.(4) all the exchange integrals appearing in theation of the dressed cigl, cgu{, and cgultrr—> a*

A ES?—» T ( €Eqx — VC7T* ca* ) —( €r— VC7TC7T) - V’JT’IT* TITX



7346 N. V. DOBRODEY, L. S. CEDERBAUM, AND F. TARANTELLI 57

430
-1 &g

ag | TN \ :

426 ¢! nom* —-—~ NiN, _

44 | i |
~ ant i : _ )
3 FIG. 2. The energies of the dressegl
% 420 i 1 single-hole andcy, 5, w— m* CT configurations
L;é as a function of the number of the basis configu-

418 o e ] rations used in the GF AD@) calculations of the

out [ _ . . .

al6 el — e N1s-ionized states of the NiNcluster.

414 | — e

412 .

410

571 21665 36053 55953 114414

Number of configurations

configurations is seen to be relatively small. Further extenconfigurations in NiN to a hypothetical continuous switch-
sion of the space up to 114 000 configurations leads to furing on of the strength of the many-body effects. Both the
ther energy lowering, in particular, of the dressed'm  7— #* CT satellite and single-hole configurations relax, but
—ar* CT configuration. The final result is that the dressedthe relaxation of the CT configurations is much stronger due
charge-transfer configurations are the lowest in energy. Th#& stronger coupling to higher excitatiotdynamical screen-
dressed single—holei;l and cgu% configurations are nearly ing). The satellite state acquires intensity, borrowing it from
degenerate and situated well above the CT ones. This findintipe single-hole state essentially through the above-mentioned
clearly shows that the lowest-energy lines in the core-hol@early constant interaction between the two dressed configu-
spectrum of the NiM cluster arer— 7w* shake-down satel- rations. At some strength of the dynamical screening the en-
lites, whereas the two intense lines dominating the region oérgy of the satellite state becomes lower than that of the main
the giant satellite should be viewed as the main lines. Thesstate and the intensity acquired by the satellite from the main
two intense lines also have the largest spectroscopic ampliine becomes considerable. Eventually, we have low-lying
tudesx(™ (see Table)l, which implies that the weight of the intense shake-down satellites in the spectrum and the main
single-hole configuration in the corresponding final states idines are situated at higher binding energies. The relaxation
the largest of all statesee discussion in Sec. |V of the dressediglrr—> 7* CT configuration differs from that

An interesting feature of the computed EEH’s should beof the c,7— #* one in that it is energetically lowered
stressed: while thenergiesof the dressed configurations more efficiently at higher dimensions of the configuration
change considerably, thimteraction between the dressed space. This behavior can be explained by the fact thatrthe
single-hole andr— 7* CT configurations is nearly constant screening orbital is more localized on the outer nitrogen
for all the dimensions of the configuration space used, and istom.
about 2.3 eV and 3.3 eV for the inner and outer nitrogens,
respectively. For all effective Hamiltonians used in the
analysis of dynamical screening, the matridef ampli-
tudes of dressed configuratiofsg. (3)] are nearly diagonal.
This implies that the components of the exact eigenvectors What is the basic difference between weak and strong
can be obtained just by scaling the respective components ehemisorption systems, which is responsible for the different
the effective Hamiltonian eigenvectors. The only relevantband shapes observed in the experimental XPS? This ques-
quantity for the calculation of the spectral intensities in ourtion is a key point in the problem of core-hole screening in
case is the first diagonal element of the matrix of amplitudesadsorbates. To get an idea of the peculiar feature that makes
This value varies slightly from 0.86 to 0.77 when going from the core-hole spectra of weak and strong chemisorption sys-
the minimal dimension of the configuration spad®&1 con- tems so different we also performed the analogous EEH
figurationg to the maximal one(114 414 configurations  analysis of the C4 core-hole states of a linear NiCO cluster,
This rather large value, which is simply the scaling factorrepresenting the case of the strong chemisorption CO/
mentioned above, shows that the dressed single-holerand Ni(100 system. Similarly to the case of NjN we con-
—a* CT configurations are indeed the relevant ones for thestructed the EEH’s using two eigenstates calculated by the
description of core-hole screening in our case. The fact thabF ADC(4) method, increasing the dimension of the con-
the matrix of amplitudes is nearly diagonal indicates that thdiguration space step by step, and considering two dressed
single-hole andr— 7* CT configurations mostly couple to configurations: C& ! and Cls~ 17— z*. The energies of
different classes of excitations. these dressed configurations versus the dimension of the con-

Let us briefly summarize the response of the core-holdiguration space are shown in Fig. 3. Unlike the case of NiN

C. Dynamical screening in weak
and strong chemisorption systems
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there is no crossover of the dressed single-hole anrdr™ The origin of the lowest-binding-energy state and the state
CT configurations. Thus, the lowest-energy state in the C1 dominating the region of the giant satellite is thus very dif-
XPS of NiCO is themain-line state and the most intense ferent for the cases of weak and strong chemisorption: for
satellite (“giant satellite”) is a 7— 7* shake-upsatellite. ~ Strong chemisorption the lowest-energy line in the core-hole
One can see that the relaxation of the dressed single-hoRPectrum is the main line, originating mainly from the
Conﬁguration of NiCO, when en|arging the Configuration single-hole configuration, whereas the giant satellite region
space, is slightly larger than in the case of DiNHowever, IS dominated by a conventional— 7* CT shake-up satel-
the relaxation of the dressed— =* CT configurations is lite; for weak chemisorption the lowest-energy line in the
much stronger in Nil than in NiCO. This different relax- spectrum is ar—a* CT shake-down satellite, whereas the
ation pattern of core-hole configurations for Nilind NiCO ~ giant satellite should be viewed as the main state. _
can be explained in terms of the different strength ofNil The EEH technique allows us to go deeper into the details
and CO-Ni bonding. The CO molecule is more stronegOf core-hole screening in adsorbates. In particular, we may
bound to the Ni atom than the 2Nn0|ecu|e and, conse- also Clarify the role of local metat— o* eXCitationS, which
quently, according to the commonly accepted picture ofiave been SUggeS_fé&S'zg’s?"r’ltO be relevant for the screen-
chemical bonding in 8 metal carbonyl4?® the strength of ing of core holes in chemisorbed systems. To this end, we
the dr— m* backdonation is larger in NiCO than in NjN  €xtend our analysis to include the leading~o™* configu-
This means that the number afr electrons effectively rations explicitly. For NiCO the exact effective Hamiltonian
available for core-hole screening is smaller in the case othat describes the interaction of the £gingle hole, ther
NiCO. Furthermore, a considerabte—* charge transfer — 7" CT and thec—¢™ configurations dressed by the in-
from Ni to CO is already present in the ground state of Nicoteraction with all other configurations reads in €hly the
and, therefore, the GI  single-hole configuratiom priori ~ UPPer part of the symmetric matrix is shown

possesses some CT character when compared to the case of

NiN,. This results in a smaller difference between the over- ¢! c¢lr—n clo—o*

all coupling of the single-hole andl— 7* CT configurations

to higher excited configurations in the case of NiCO than in 295.36 —5.34 —0.63
that of NiN,. 297.82 —0.68
We thus arrive at the following picture: both the main and 300.63

7—a* CT satellite configurations relax due to strong dy-

namical screening, but in weak chemisorption systems the

relaxation of the satellite configuration relative to the main To construct this Hamiltonian we used the results of our
configuration is larger than in strong chemisorption system&F ADC(4) calculation (dimension of the configuration
because of the weaker— 7* charge transfer between sub- space of 105997 One can see that the energy of the
strate and adsorbate in the GS. The relaxation of the satellite” toc— o* dressed configuration is larger than that of the
configuration in a weak chemisorption case is strong enough™ 17— 7* one by 2.8 eV. In particular, the interaction be-
to make the corresponding state the lowest-energy state, gitween thec o— o* and thec ™! single-hole dressed con-
ing rise to the appearance of shake-down satellites in thégurations is considerably weaker than that between the lat-
core-hole spectra. In cases of strong chemisorption the relater and thec™'7— 7* one. Clearly, ther— o* local metal
ation of the satellite configuration is less efficient and theexcitations are of lesser importance and the> 7* excita-
main state remains the lowest-energy one in the spectruntions are mostly responsible for the core-hole screening in
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the NiCO case of strong chemisorption. figurations relevant to both the outer and inner nitrogen lev-
The analoguous analysis has also been performed fals. The EEH has been constructed using GF regiitisen-
NiN,. Here, we included explicitly in a single EEH the con- sion of configuration space: 114 41dnd reads as follows:

et ek clr = cam = clo— ot glo— o
413.74  0.047 -2.18 -0.014 1.105 -0.018

- 413.58 0.036 -3.19 0.037 0.868

- - 412.74 0.053 1.410 -0.023

- - - 412.07 0.064 1.847

- - - - 416.49 0.028

- - - - - 416.33

The ¢;;*m—=* and c,tm— 7* dressed configurations change of the SCF orbitals in the ionized state in terms of

have the lowest energies, whereas thg'c—o* and  excitations of the GS frozen-orbital wave function with a

coqo—o* have the highest energies among all the dressegore hole. Therefore, in practice, one has some excited state
configurations considered here. Thus, even considering exs a reference for the Cl calculation when using the relaxed
plicitly the effective interaction with ther— o* transition, ionic basis. Evidently, it is impossible to describe exactly
the lowest-energy lines in the Nispectrum of NiN are  this reference excited state in terms of the excitations of the
— a* CT shake-down satellites. We note that the interactior3S one-particle levels to bridge this relaxed ionic basis de-
of the dressedr— o* configurations with the single-hole scription to the GS one. Consequently, an interpretation of
andz— 7* CT ones is stronger in NijNthan in NiCO. This the results on core-hole states obtained using the relaxed
is in accord with the observed admixturesmofs o* excita-  ionic basis can easily be implausible.
tions to the ionic states of NiN(see Table)l The disadvantages of treatments that use the relaxed ionic
basis are especially clearly seen when considering the ion-
IV. DISCUSSION ization of several core Ie_\(els in_one spectrum. In such cases
' one usually has a specific basis for each core level, which

Let us begin our discussion from a seemingly technicamakes even more problematic a comparative study of the
aspect, which is, however, very important in our view. Thereionization of different core levels. The only basis for many-
is a widely used practice in the field of theoretical spectrosbody calculations on core-hole spectra which affords an im-
copy of core levels to use relaxed ionic SCF orbitals for themediate and transparent interpretation of the results and al-
calculation of core-hole states, in particular, as a basis for Clows the disclosure of the core-hole screening mechanism is
calculations. It has been shown in numerous examples th&te GS unrelaxed basis.
the core-hole spectra obtained by CI calculations performed Let us now discuss the physics of core-hole screening in
in the basis of SCF orbitals of the neutral GS can beadsorbates. A strong charge transfer, which screens the core
achieved with a significantly smaller dimension of the con-hole created in the adsorbate, usually leads to intense
figuration space when the relaxed ionic basis is used. Oshake-up satellites in the core-hole spectrum. Under some
course, the reason for this is that the relaxed orbital basigonditions, the energy of a shake-up satellite relative to the
already incorporates the static core-hole relaxation. In thignain line can be negative. In this case tregative shake-up
respect, choosing the relaxed orbital basis is computationallgr shake-dowrsatellite appears in the spectrum as the first,
more efficient, although the choice of basis becomes an inowest-energy, line. What are the conditions to be fulfilled in
creasingly marginal issue for large-scale accurate calculeerder to observe negative shake-up energies? It is generally
tions. On the other hand, it is very relevant to realize that thégreed that a main factor responsible for this phenomenon is
all-important question of interpretation, i.e., of identifying the electrostatic interaction of the core hole with the electron
and understanding the physical mechanisms responsible féxcited to the vacant screening level. One example where the
particular features of the spectra, cannot be adequately tackRppearance of a shake-down satellite can be described al-
led in the framework provided by the relaxed orbital basis.ready at first order in the Coulomb interactideg. (4)] or, in
To understand in depth the physics of core ionization one hagther words, in terms of the electrostatic interaction between
to know the change in the wave functions occurring uporelectrons and the core hole, is the NXPS of solid
ionization. And the only way to perform such an analysis ofparanitroanilin®* In this case the main mechanism respon-
ionized states is to compare them with the wave function ofible for the appearance of the shake-down satellite is the
the GS of the neutral system. Using the relaxed ionic basistatical screeningof the core hole. In the case of the 5l1
impedes any straightforward comparison of the GS waveore-hole spectrum of NiNwe see that, although statical
function with an ionized state, because the basis sets asereening is important for the energy lowering of the
different. The relaxed SCF one-particle wave functions of— #* CT configurations, it is not sufficient for the appear-
the core-hole state can be very different from that of the GSnce of shake-down satellites in the spectrum. The mecha-
of the neutral system and one can formally represent thaism forming the shake-down satellites is here essentially the
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dynamical screeningf the core hole. species. Because of this, the energy crossover of the configu-
Idealizing the picture we can classify shake-down satelrations demonstrated for NiNdoes not occur and one ob-
lites by the contributions of statical and dynamical core-holeserves a conventional shake-#p- 7* satellite in the core-
screening to the energy lowering of the satellite configurahole spectrum. Thus, the lowest-energy line in the spectrum
tion: (i) the statical shake dowrwhere statical screening is corresponds to the maisingle-hol¢ state. In the case of
strong enough for the satellite formatiofii)) the dynamical ~weak chemisorption, the relaxation of the—#* CT con-
shake downwhere the the satellite appears in the spectrunfiguration relative to the single-hole one is more pronounced
almost entirely due to dynamical screenifijj;) aninterme-  than that of the strong chemisorption case and this results in
diate shake down, where only a combination of statical andthe appearance of a shake-down satellite in the spectrum.
dynamical screening can result in the appearance of the The EEH technique provides the ability to extract the en-
shake-down satellite. One can approximately estimate thergies of dressed configurations and the matrix element of
contributions of statical and dynamical screening in the rethe interaction between them directly from experimental
laxation of the satellite configuration for the case of )NiN core-hole spectra. For the case of two dressed configurations
The first-orderm— 7* excitation energy of theeutralsys-  being considered, assuming that the matrix of amplitudes
tem is AE= € «—€,~V, «,«=8.57 eV. The statical [Ed.(3)]is diagonal(see Sec. Ill B one can easily obtain
screening decreases thi€ by 3.4 eV(see Sec. Il B. Dy-  the energies;, €, and the interaction matrix elemebt of
namical screening further lowers the energy of the satellitdhe effective Hamiltonian:
configuration relative to the main line by 10 and 12 eV for
the state where the Micore hole is mainly localized on the
inner and outer nitrogen atoms, respectively. Obviously, dy-
namical screening dominates the relaxation and we can relate
the shake-down satellites in the BIXPS of NiN, [and, £z
correspondingly, in the spectrum of the Ni(100)c(2X 2) U= 1T§(| 1= 12),
systenj to case(ii) above.
It is usual to “automatically” name the lowest-energy wherel,; and |, are the energies of the two lines in the
line in the core-hole spectra main line, and refer to structurespectrum and =217, /Z; is the ratio of their intensitie%, and
at higher binding energies as satellites. Sometimes this nc; .
menclature, especially in the case of core-hole spectra of
adsorbatgs, can be mislt_aading and get in the way of the cor- V. CONCLUSIONS
rect physical understanding. Indeed, we believe we have here
demonstrated that the only physically meaningful interpreta- The GF ADQ4) calculations on the N4 XPS of the lin-
tion of the theoretical results for the two lowest energy linesear NiN, cluster have demonstrated that this small cluster
in the Ni1s XPS of N,/Ni(100)c(2x2) is that they are model suffices to reproduce the main features of the experi-
shake-down satellites. The main line in a core-hole spectrurmental N1s spectrum of the BVNi(100)c(2X2) weak
should correspond by definition to the ionized state, which ihemisorption system. A good agreement between the com-
dominated by the contribution of the single-hole configura-puted spectrum of the cluster and experimental spectrum is
tion. Satellite states “borrow” intensity from the main line obtained, and this justifies our generalization of the physical
through many-body effects. We argue that the nomenclaturpicture of core-hole screening obtained for the cluster also to
adopted in the field of core-level spectroscopy should adhereeal solid-state systems.
as much as possible to this physical content, assigning as A keystone of our investigation of core-hole screening is
main line the most intense line in the spectrimgh-energy the exact effective Hamiltonian technique, introduced in the
photon, i.e., sudden limit and as satellites the structures present paper for the analysis of many-electron core-hole
having lower intensity. states. The EEH technique provides the description of the
The comparison of the NiNand NiCO clusters, discussed core ionization in terms of dressed interacting configurations.
in the present work, helps us to understand the impact ofhis tool allows us to extract from the results of sophisti-
weak and strong chemisorption on the different core-holecated many-body calculations a very transparent physics,
spectral band shapes observed experimentally. The weak asthce one can consider only the configurations that are rel-
strong chemisorption cases differ by the strength of #he evant to the problem, “dressing” them by the interaction
—a* backdonation, which is a charge transfer in charactewith all remaining configurations.
and, according to the commonly accepted picture of chemi- The two lowest-energy lines in the N1XPS of the
cal bonding in sucll-metal system&’ is one of the channels N,/Ni(100)c(2X 2) system have been definitely assigned by
of chemical bonding. The stronger the strength of chemisorpmeans of the EEH technique te— 7* shake-down satel-
tion, the stronger is the— #* CT in the ground state and, lites, whereas the two intense lines dominating the region of
consequently, the less charge transfer can occur upon adsdhe giant satellite have been attributed to the main states. The
bate ionization to screen the core hole. In the GS of strongnain physical process responsible for the appearance of the
chemisorption systems the— #* CT is more pronounced strong shake-down satellites in the $Bpectrum of the
and this makes the core-ionized single hole and #* CT  N,/Ni(100) system is the dynamical screening that dramati-
configurations more “similar” to each other in their interac- cally lowers the energy of the *7— 7* charge-transfer
tion with higher excitations. The result is a more similar dressed configuration relative to that of the dressed
extent of relaxation of these two configurations due to dy-single-hole one. Shake-down satellites were traditionally
namical screening than is observed in weakly chemisorbedonsidered to appear in core-level spectra due to statical

(1-9)
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screening or, in other words, due to the electrostatic interacsystem is not as efficient as it is in the,MNi case. The

tion of the core hole with valence electrons. The example Okffective number ofi electrons available for the screening is
the N,/Ni(100) system shows that in some cases, the staticamaller in the former case due to the stronger charge transfer
screening itself is not strong enough to give rise to the apmn the GS. As a result, the single-hole dominated state re-
pearance of shake-down satellites. An efficient dynamicajains the lowest-energy one in cases of strong chemisorp-
screening mechanism of the formation of shake-down satetign.
lites is disclosed and discussed in detail. One of the advantages of the EEH technique is that under
A comparative study of the GIXPS of the NiCO cluster  pjausible assumptions one can get effective Hamiltonians di-
and N1is spectrum of the Nill cluster, accompanied by the rectly from experimental data. The effective Hamiltonians,
EEH analysis, has revealed a basic difference between corgptained in a systematic way from the experiments on dif-
hole spectra of strong and weak chemisorption systems: th@rent systems, can be very useful for further understanding
lowest-energy lines in the spectra of weak chemisorptionthe mechanisms of core-hole screening in adsorbates.
systems are shake-down satellites and the intense structuresyye have observed a partial delocalization of core holes
in the region of the giant satellite are dominated by mainfor the Nis ionized states of the NiNcluster which is an
states(the states that mainly originate from single-hole con-interesting phenomenon that has never been reported before.

figurationg; in contrast to that, the lowest-energy lines in the The discussion of this phenomenon is the subject of a forth-
spectra of strong chemisorption systems are main stategoming papef?®

whereas the giant satellites are mainly formed by conven-
tional shake-up excitations. According to our results, adsor-
bate core-hole screening is stronger in the/NN weak
chemisorption system than in the CO/Ni strong chemisorp-
tion system. This can be explained by different strengths of We thank the DFG for financial support and the
the adsorbate-metal interaction for these two cases. In th&/igoni” program for traveling funds. One of ugN.Vv.D.)
case of CO/Ni, the adsorbate-metal interaction is strongewishes to thank the staff of the Heidelberg University Theo-
than that of N/Ni, leading to a strongetr— 7* charge retical Chemistry Department for hospitality and the stimu-
transfer in the ground state of the CO/Ni system. Thereforelating atmosphere. We express our gratitude to J. Schirmer
the screening of core holes in ionized states of the CO/Nand H. Kgpel for stimulating discussions.
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